Ferredoxins are a group of non heme iron-containing proteins present in certain anaerobic nonphotosynthetic bacteria' and in all photosynthetic organisms.2 The amino acid sequences of two nonphotosynthetic bacterial ferredoxins obtained from Clostridium pasteurianum and Clostridium butyricum have an unusual pattern. They contain essentially repeating sequences of a peptide containing 22 amino acid residues, four of which are cysteines,3-7 and they are free from arginine, histidine, leucine, methionine, and tryptophan.
Ferredoxins are a group of non heme iron-containing proteins present in certain anaerobic nonphotosynthetic bacteria' and in all photosynthetic organisms. 2 The amino acid sequences of two nonphotosynthetic bacterial ferredoxins obtained from Clostridium pasteurianum and Clostridium butyricum have an unusual pattern. They contain essentially repeating sequences of a peptide containing 22 amino acid residues, four of which are cysteines,3-7 and they are free from arginine, histidine, leucine, methionine, and tryptophan.
The unusual structure of bacterial ferredoxins stimulated interest in the evolutionary development of this type of protein. [5] [6] [7] Ferredoxins have been divided into two types, a bacterial and a plant type that share certain properties but differ in others. 2 The amino acid sequence of plant ferredoxin is of considerable interest from the standpoint of evolution and the relation of protein structure to function.
In preliminary investigations, Tsugita et al. 8 and Fry and San Pietro9 reported that spinach ferredoxin is high in acidic and low in basic amino acids, and that it contains single residues of arginine, histidine, methionine, and tryptophan. Tsugita et al. also found that the amino-and carboxyl-terminal amino acids were alanine8 and that the carboxyl-terminal tripeptide sequence was Leu-Thr-Ala.'0 This article reports the complete amino acid sequence of spinach ferredoxin.
Materials and Methods.-Ferredoxin was prepared from spinach leaves, obtained commercially, according to the method of Tagawa and Arnon."1 These preparations had Emo/E276 = 0.43 -0.46 and were used without further purification.
The molecular weight of spinach ferredoxin was determined by the gel filtration method'2 on Sephadex G-75, by amino acid analysis,'3 and by analyses of the terminal residues using modified Edman degradation'4 and carboxypeptidase A procedures. "5 Prior to the sequential study the protein was treated with trichloroacetic acid.'6 S-3-aminoethylcysteinyl-ferredoxin (AEFd), S-catboxymethylcysteinyl-ferredoxin (CMOFd), and oxidized ferredoxin (OFd) were prepared as described [17] [18] [19] About 9 umoles of CMFd were hydrolyzed at pH 8 and 400 with 2 mg of achymotrypsin for 195 minutes and for a further 16 hours with an additional 1 mg of chymotrypsin. After lyophilization the peptides were separated on an anion exchange column, Bio-Rad AG 1 X 2 (0.9 X 132 cm) with a gradient system based on a modification of the method of Funatsu.22 About 21 Amoles of OFd were hydrolyzed at pH 8 and 400 with 1.2 mg of thermolysin for two and a half hours, using a method similar to that described previously.23 The peptides were lyophilized and separated on an AG 1 X 2 column (2 X 133 cm) as described above. A partial digestion of about 9 jsmoles of CMFd was carried out at pH 8 and 350 for one hour with 0.12 mg of thermolysin. Separation of the peptides was made on a phosphocellulose column (2 X 30 cm), based on the method of Canfield and Anfinsen,"8 and on an AG 1 X 2 (0.9 X 40 cm) column as described above.
The peptides from the column were purified further by various combinations of electrophoresis and chromatography on paper.21' 24 The composition and sequential analyses of peptides were determined by methods described previously.21 24 Results and Discussion.-Values for the molecular weight of spinach ferredoxin were 11,900 11,500, 11,860, and 11,300 as determined, respectively, by the gelfiltration method, direct amino acid analyses, and amino-and carboxyl-terminal analyses. The amino acid composition deduced from the sequence was as follows: Lys4 His, Argi Trp, Asp,, Asn2 Thr8 Ser7 Glu9 Gln4 Pro4 Gly6 Alag Cys, Val7 Ile4 Leug Tyr4 Phe2. The total of 97 amino acids corresponds to a molecular weight of 10,482, not including iron and labile sulfur. The direct amino acid analysis of spinach ferredoxin gave (Glu + Gln)14w,, Gly7 Meto.30.6 but gave values for the other amino acids identical with those deduced from the sequence. Fry and San Pietro" reported the following amino acid composition for spinach ferredoxin: Lys4 His, Argi Trp, Aspl2 Thr8 Sers_7 Glu13s5s Pro4 Gly7 Ala9 Val78 Ile4 Leu7 Tyr4 Phe2 Met, NH3(8o10). About 4-6 cysteines were present.8-0' 25 The molecule consists of a single polypeptide chain with alanine residues at the amino-and carboxyl-terminals. The amino-terminal heptapeptide was Ala-AlaTyr-Lys-Val-Thr-Leu, and the carboxyl-terminal tripeptide was Leu-Thr-Ala. Carboxypeptidases A and B did not release any additional amino acids beyond these.
The complete amino acid sequence of spinach ferredoxin is in Figure 1 in which the peptide bonds cleaved by trypsin, chymotrypsin, and thermolysin are indicated. The sequence in Figure 1 does not include a methionine residue although 0.3-0.6 methionine residue was found by direct analyses. There were one to two less glutamic acid residues and one less glycine residue in the sequence (Fig. 1) presumably resulting from the duplication of genes followed by a small amount of differentiation, which gives rise to a few amino acid changes, have been noted in several recent investigations. Examples include insulins in the bonito26 27 and the rat,28 the iso-cytochromes c of yeast,29 variants of rabbit a-hemoglobin which are present simultaneously with the predominant sequence but in minor amounts,30 and possibly human cytochrome c. 24 The proportion of such hemoglobin variants was found to differ in individual rabbits. Perhaps a related phenomenon accounts for the occasional and varying content of methionine in our preparations. Further experiments are needed to clarify this matter.
The main form of ferredoxin that was analyzed in the present investigation has the structure in Figure 1 . This structure is based mainly on the analyses of ten tryptic peptides (which accounted for 97 residues), of ten chymotryptic peptides, and of 13 thermolysin peptides. Determinations were made of the partial sequence of two large tryptic peptides, one from residues 53 to 77 and the other from residues 5 to 37, and of the complete sequences of seven small peptides and one large peptide. Bond 18 S-f,-aminoethyl-cysteine (AEC)-19 Pro was resistant to trypsin. The hydrolysis of the bond 37 Tyr-38 Ser may have resulted from contamination of the trypsin preparation with chymotrypsin. Tryptic digestion produced a core peptide, but this was not studied in detail.
Overlapping peptides were obtained from the chymotryptic peptides except at one position between residues 37 and 38. This position was overlapped by a large thermolysin peptide from residues 33 to 50. In this manner, completely overlapping sequences were obtained which revealed the total amino acid sequence of spinach ferredoxin. The sequences of various short regions present in tryptic peptides were determined by comparing them with the chymotryptic or thermolysin 
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CO~~~~~~~~~~C peptides in the same regions. The peptides obtained by digestion with chymotrypsin or thermolysin had terminal amino acids that were consistent with the specificity of these enzymes. The use of thermolysin was especially effective, and its activity, as shown in Figure 1 , indicated, as suggested previously,23 that degradation with this enzyme adds another useful tool to protein chemistry. Spinach ferredoxin has five cysteine residues, all of which are easily titratable by heavy metals,3' and therefore presumably free to chelate with the two iron atoms in the molecule. Three of the five cysteines are near the center of the molecule. Plant and bacterial ferredoxins differ in absorption spectra, iron, and labile sulfur content.2 Despite these differences, bacterial ferredoxins can replace the native plant ferredoxin in the photosynthetic reduction of NADP by isolated spinach chloroplasts.9 It is therefore of special interest to ascertain whether the more complicated structure of spinach ferredoxin includes areas of similarity with bacterial ferredoxin.
A comparison of the amino acid sequences of spinach and Clostridium butyricum ferredoxin, made by Dr. Charles R. Cantor, showed the regions of similarity indicated in Table 1 , Comparison 1, which reveals homology over a distance of 19 consecutive amino acid residues. This homology suggests an evolution of both types of ferredoxins from a common archetype. A second comparison, made by postulating a gap, has also been made by us and is included in Table 1 . A further indication of homology may possibly be seen in the resemblance between 81 to 86 in spinach ferredoxin, Pro-Val-Ser-Asp-Val-Thr; and Pro-Val-Ser-Ala-Ile-Thr, 19 to 24, in Cl. butyricum ferredoxin. This sequence of spinach ferredoxin is included in a polypeptide at residues 78 to 86 which is essentially repeated at residues 1 to 9. The codons for the two sequences differ by a total of only five base changes (Table  2) . No other internal repetitions were found by Dr. Cantor. The comparison is indicative of an evolutionary event of lengthening by recombination, as has been noted in the case of the hemoglobins.6' 32 It is of interest that histidine, tryptophan, and methionine, which are absent from the five clostridial ferredoxins so far examined4 33 are not prominent in spinach ferredoxin, which contains only one residue each of histidine and tryptophan.
Fifteen of the 21 acidic residues in spinach ferredoxin are in clusters. There are several hydrophobic regions in the sequence, including residues 1 to 8, 22 to 28, 32 to 37, 63 to 64, and 78 to 82. Three of the four proline residues are in the aminoterminal region. The cysteines at positions 18, 47, and 77 are approximately equidistant. The locations of the cysteine residues and the fact that spinach ferredoxin has only two iron atoms and two labile sulfurs both indicate that spinach ferredoxin has an electron transfer mechanism and a molecular structure around cysteine residues differing from those in the clostridial ferredoxins. Summary.-The complete sequence of the 97 amino acid residues made of 19 different amino acids in spinach ferredoxin was determined. Indications of an evolutionary relationship to the clostridial ferredoxins were found, and the differences between the two types of ferredoxins are discussed.
Note added in proof: Hydroxylapatite column chromatography of spinach ferredoxin produced a main peak with E420/E276 = 0.473. The amino acid composition of the fraction in this peak before and after performic acid oxidation gave no indication of the presence of methionine. The direct amino acid analysis of this fraction showed that its composition was identical with that calculated from the amino acid sequence in Figure 1 .
